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How asymmetric divisions are connected to the
terminal differentiationprogramofneuronal subtypes
is poorly understood. In C. elegans, two homeodo-
main transcription factors, TTX-3 (a LHX2/9 ortholog)
and CEH-10 (a CHX10 ortholog), directly activate
a large battery of terminal differentiation genes in
the cholinergic interneuron AIY. We establish here
a transcriptional cascade linking asymmetric division
to this differentiation program. A transient lineage-
specific input formed by the Zic factor REF-2 and
the bHLH factor HLH-2 directly activates ttx-3
expression in theAIYmother.During the terminal divi-
sion of the AIYmother, an asymmetricWnt/b-catenin
pathway cooperates with TTX-3 to directly restrict
ceh-10 expression to only one of the two daughter
cells. TTX-3 and CEH-10 automaintain their expres-
sion, thereby locking in the differentiation state. Our
study establishes how transient lineage and asym-
metric division inputs are integrated and suggests
that the Wnt/b-catenin pathway is widely used to
control the identity of neuronal lineages.
INTRODUCTION
The specific shape, connectivity, and function of a neuron is
determined by the set of terminal differentiation genes that it
expresses, such as genes coding for particular neurotransmitter
receptors, ion channels, or cell adhesion proteins. These differ-
entiation genes are organized into large batteries that often share
similar cis-regulatory element(s) directly activated by a common
terminal transcription factor or transcription factor complex (Live-
sey et al., 2000; Wenick and Hobert, 2004; Zhang et al., 2002).
Genes that code for such identity-determining transcription
factors directly controlling the expression of terminal differentia-
tion genes have been termed ‘‘terminal selector genes’’ (Hobert,
2008). Several examples of such terminal selector genes have
been reported in the nervous system, including the homeodo-
main protein CRX, which directly activates a battery of genes
responsible for vertebrate photoreceptor differentiation (Livesey
et al., 2000), or the zinc finger transcription factor CHE-1, which
directly regulates the expression of a battery of genes that defineDevethe ASE gustatory neuron in C. elegans (Etchberger et al., 2007).
However, how terminal selector genes are coupled to earlier
specification processes, particularly those that involve asym-
metric division of neural progenitors, remains poorly understood.
One mechanism to generate cellular diversity in the nervous
system is through asymmetric cell divisions, as documented in
several organisms including vertebrates, Drosophila, and C. ele-
gans (Huttner and Kosodo, 2005; Sulston et al., 1983; Wodarz
and Huttner, 2003). During this process, a progenitor cleaves to
generate a postmitotic neuron and a newprogenitor, or two post-
mitotic neurons with different identities. In Drosophila, the Notch
pathway regulator Numb is asymmetrically distributed between
the daughter cells endowing them with different fate (Knoblich,
2008). Numb has also been implicated in this process in verte-
brates; however, its precise function remains controversial and
alternative mechanisms have been proposed involving other
molecules, such as b-catenin (Doe, 2008; Knoblich, 2008;Wood-
head et al., 2006; Wrobel et al., 2007). Finally no role in asym-
metric division has been reported for Numb in C. elegans, but
an unrelated protein, HAM-1, is asymmetrically distributed and
regulates some but not all terminal divisions of embryonic neuro-
blasts (Guenther and Garriga, 1996).
In order to better understand the regulation of terminal selector
genes that determine neuronal identity and their connection to
preceding asymmetric precursor divisions, we focus on the func-
tionally and molecularly well-characterized AIY cholinergic inter-
neuron, which is generated by an asymmetric cell division giving
rise to AIY and its sister neuron, SMDD. The AIY pair of primary
interneurons is located in the head of C. elegans and integrates
diversesensory inputssuchas taste, smell, and temperature (Tsa-
lik andHobert, 2003). It is also involved inmemoryprocessessuch
as temperature adaptation (Mori and Ohshima, 1995) and aver-
sive olfactory learning (Zhang et al., 2005). A battery of at least
40 terminal differentiation genes uniquely define the identity of
the AIY interneuron (Wenick and Hobert, 2004) including
unc-17, the vesicular transporter for its neurotransmitter acetyl-
choline, and mod-1, a serotonin-gated ion channel involved in
aversive olfactory learning (Zhang et al., 2005). These genes are
directly activated in the postmitotic AIY interneuron by a common
cis-regulatory element, called the AIY motif, present in their
promoter (Wenick and Hobert, 2004). This motif is a binding site
for a complex of two terminal selector proteins: TTX-3, a LIM-
homeodomain factor orthologous to Apterous/LHX-2/9, and
CEH-10, a CVC-homeodomain factor orthologous to CHX-10/
VSX-1 (Altun-Gultekin et al., 2001; Forrester et al., 1998; Hobertlopmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc. 563
Developmental Cell
Linking Asymmetric Division and Differentiationet al., 1997; Svendsen and McGhee, 1995; Wenick and Hobert,
2004). Besides activating and maintaining the expression of the
differentiationgenebattery, TTX-3andCEH-10alsomaintain their
own expression by binding to anAIYmotif present in their respec-
tive promoters. How ttx-3 and ceh-10 are themselves initially
activated is, however, unknown, thereby leaving the question of
how the AIY neuron acquires its specific identity still unanswered.
In C. elegans,most neurons are produced during embryogen-
esis from the AB blastomere (anterior daughter of the first
cleavage), which also gives rise through a series of asymmetric
cell divisions to glial cells, epidermis, and some cells of the
pharynx and excretory system (Sulston et al., 1983). Each neuron
is generated by a unique and stereotyped succession of cleav-
ages oriented most of the time along the antero-posterior axis.
For example, the right AIY neuron is ‘‘ABprpapaaap,’’ which indi-
cates for each of the nine successive cleavages of the AB blasto-
meres whether it derives from the anterior (a), posterior (p), right
(r), or left (l) daughter of a cell division. During the early cleavages
of the AB blastomere, the TCF transcription factor POP-1 is
asymmetrically localized between the anterior and posterior
daughters (Lin et al., 1998). This POP-1 asymmetry is regulated
by a particular Wnt pathway recently named the Wnt/b-catenin
asymmetry pathway (Mizumoto and Sawa, 2007), which endows
the anterior and posterior daughters of early blastomeres with
different identities (Kaletta et al., 1997; Lin et al., 1998). Whether
this pathway is also involved in the terminal division of embryonic
neuroblasts andhow it is connected to the terminal differentiation
program of postmitotic neurons remain to be established.
To determine how terminal neuronal selector genes are
coupled to earlier lineage inputs and to investigate a potential
role of the Wnt/b-catenin asymmetry pathway in neuronal fate
determination, we took a combination of forward and reverse
genetic approaches. Conducting a forward mutant screen and
promoter dissection, we identified a transient lineage-specific
input (a combination of Zic and bHLH transcription factors)
that directly sets up the expression of one terminal selector
gene in themother cell of the AIY interneuron, before it asymmet-
rically divides to generate AIY and its sister neuron, SMDD. Using
temperature-sensitive alleles of Wnt pathway components and
promoter analysis, we directly implicate POP-1 asymmetry in
restricting the activation of the terminal selector complex TTX-
3/CEH-10 to the posterior daughter (AIY) of the terminal division.
We finally show that the Wnt/b-catenin asymmetry pathway is
also implicated in other terminal neuroblast divisions in the
embryonic nervous system. Our study provides an overall logic
for how specific lineage inputs and asymmetric division cues
are integrated to initiate the terminal differentiation program of
a neuron. We also discuss two other general implications of
our study, namely, a common theme of Zic factor function in neu-
roblast development and a potentially broad conservation of the
role ofWnt/b-catenin signaling in the regulation of neural progen-
itor asymmetric divisions.
RESULTS
The Zic Transcription Factor REF-2 Affects
the Specification of the AIY Interneuron
TheAIY interneuron is specifiedby apair of terminal selector tran-
scription factors, TTX-3 and CEH-10, which directly activate564 Developmental Cell 16, 563–575, April 21, 2009 ª2009 Elseviera large battery of terminal differentiation genes (Altun-Gultekin
et al., 2001; Wenick and Hobert, 2004). To determine how this
transcription factor complex is regulated,weundertook a forward
genetic screen and uncovered several mutants with abnormal
ttx-3 expression (see Experimental Procedures). In one of these
mutants, ot327, both ttx-3 and ceh-10 expression is lost in the
AIY neurons at larval stages (Figures 1A and 1C; ot327 is reces-
sive; the larval lethality of ot327 homozygote mutants prevents
analysis of the expression of ttx-3 and ceh-10 in adults). As ex-
pected from the loss of ttx-3 and ceh-10 expression, ot327 also
causes a loss of the expression of several terminal differentiation
markers of AIY fate, including sra-11 (a putative neurotransmitter
receptor) and inx-18 (an innexin) (see Table S1 available online).
However, in ot327 mutants we still observe by DIC microscopy
aneuronat thepositionnormallyoccupiedbyAIY, and thisneuron
still expresses the pan-neuronalmarkerF25B3.3 (Figure 1D). This
suggests that while ot327 causes a loss of the specific subtype
identity of the AIY interneuron, it may not affect its pan-neuronal
features, a phenotype similar to the one observed in ttx-3 and
ceh-10 mutants (Altun-Gultekin et al., 2001). ot327 also affects
the specification of some other neurons such as the interneuron
AVK (Table S1). However, the global organization of the nervous
systemseemsnormal as examinedwith apan-neuronal promoter
drivingGFP (data not shown), and analysis of several cell-specific
markers indicates that some other neuronal subtypes are
correctly specified (Table S1). This suggests that the effects of
ot327 in the nervous system are neuron-type specific.
By genetic mapping, RNAi phenocopy, and transformation
rescue we find that ot327 affects the ref-2 gene (Figure S1A).
This gene encodes the only C. elegans ortholog of the odd-
paired/Zic family of zinc finger transcription factors (Alper and
Kenyon, 2002). Only one mutation in this locus has been reported
so far, a dominant mutation, mu218, located 30 to the coding
region of ref-2 (Figure S1A) (Alper and Kenyon, 2002). This allele
causes overexpression of the REF-2 protein in a particular type
of postembryonic blast cell, the P cells, and subsequent problems
in their fusion pattern (hence the name REF-2 for regulator of
fusion). Sequencing of the ref-2 coding region from ot327mutant
animals reveals a G-to-A transition that converts a cysteine of the
fourth zinc finger into a tyrosine (Figure S1B), which is expected to
result in a loss of DNA binding activity of this zinc finger (Wolfe
et al., 2000) and is thus predicted to be a strong loss-of-function
allele. We also obtained a deletion allele for ref-2 from the C. ele-
gans Gene Knockout Consortium (gk178, Figure S1A). This dele-
tion physically removes the region coding for the first two zinc
fingers, isexpected to result ina frameshift eliminating the remain-
ing three zinc fingers, and is therefore a likely null allele. gk178, as
ot327, is recessive, causes larval lethality and a loss of both ttx-3
and ceh-10 expression (Figures 1A and 1C), further confirming
that ref-2 is required for the specification of AIY. The dominant
allelemu218hasnoeffect onviabilityor ttx-3expression, suggest-
ing that the presumptive ref-2 regulatory element affected in
mu218 is not involved in AIY development (100%ofmu218 larvae
express ttx-3promB::gfp, otIs173, in AIY, n = 50).
REF-2 Initiates the Expression of the TTX-3/CEH-10
Complex
To better understand how ref-2 regulates the specification of the
AIY interneuron, we first analyzed its expression pattern. WeInc.
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locus as well as 15 kb of upstream and 10 kb of downstream
sequences (covering also three upstream and two downstream
predicted genes) (Figure 2A). Venus was inserted in-frame just
before the stop codon of ref-2. Injection of the ref-2::venus fusion
fosmid rescues both the lethality and loss of ttx-3 expression of
ref-2(ot327) mutants (three independent lines), suggesting that
all the cis-regulatory elements necessary for the role of ref-2 in
AIY specification are present in this construct.
ref-2::venus is detected in a substantial number of dividing
cells in the embryo. At the end of gastrulation, the reporter is de-
tected in some neuroblasts on the ventral side of the embryo
(Figure 2Ai). These neuroblasts include the left/right symmetric
pair of ABpl/rpapaaa neuroblasts, which will give rise to AIY
and its sister cell, the SMDD motor neuron, through an asym-
metric cell division (see Experimental Procedures for cell
Figure 1. ot327 and gk178 Affect the
Expression of the TTX-3/CEH-10 Complex
in AIY
(A) In ot327 and gk178 animals, ttx-3 (ttx-3promB::
gfp, otIs173) and ceh-10 (ceh-10promA::gfp, lqIs4)
expression is lost in AIY at larval stages (lateral
view, anterior is left, dorsal is up, Amp: amphid
support cell, scale bar = 20 mm).
(B) Expression of the same reporters is also lost in
the AIY lineage in the embryo (ttx-3: epidermal
enclosure, ventral view, anterior is left; ceh-10:
1.5-fold, lateral view, anterior is left, dorsal is up;
AINm: AIN mother; Ant neu: anterior neurons;
Pha: pharyngeal cell; scale bar = 10 mm).
(C) Percentage of animals that have lost reporter
expression in the AIY lineage. As ot327 and
gk178 are larval lethal, the F1 progeny of heterozy-
gote mothers were analyzed. Around 1/4 of the
progeny display a mutant phenotype, as expected
from mendelian segregation. Embryos were
scored between epidermal enclosure and 2-fold
for ttx-3, and at 1.5-fold for ceh-10 (*expression is
absent from only one of the two AIY; xin 3%–4%
of the animals, expression is lost in only one of
the two AIY).
(D) In wild-type larvae AIY is located in a group of
three neurons just posterior to the excretory cell
(Exc) and expresses the pan-neuronal marker
F25B3.3 (F25B3.3::dsRed2, otIs173, n = 10). In
ot327 homozygotes (recognized by the loss of
ttx-3promB::gfp expression) a neuron is still present
at the position normally occupied by AIY and still
expresses F25B3.3::dsRed2 (n = 11) (scale bar =
5 mm).
identification). During interphase, the
REF-2::VENUS protein is detected in
the nucleus of the SMDD/AIY mothers
(Figure 2Aii, interphase), then spreads
into the cytoplasm just before cleavage
(Figure 2Aii, mitosis) and disappears
from the two daughter cells, AIY and
SMDD, after cleavage (Figure 2Aii, post-
mitosis). No expression is observed in
AIY during larval and adult stages. Thus
ref-2 appears to be expressed only transiently in the AIY lineage
during embryogenesis, suggesting that it may participate in the
initiation of the AIY differentiation program rather than in the
maintenance of AIY fate. REF-2::VENUS is also expressed in
the excretory system (G1, G2, excretory pore, and excretory
gland, which may explain the larval lethality of ref-2 mutants) in
the P cell lineage and in the Y and B cells (Figures 2Aiii and 2Aiv).
To further investigate a potential role of ref-2 in initiating the
expression of the TTX-3/CEH-10 selector complex, we first
analyzed when exactly ttx-3 and ceh-10 start to be expressed
in the AIY lineage during embryogenesis. ttx-3 expression was
monitored with both a transcriptional gfp or mcherry fusion
(ttx-3promB::gfp/mcherry) and a translational gfp fusion (ttx-
3promA::gfp) in which all coding regions of ttx-3 are included
and which rescues the ttx-3 null mutant phenotype (Altun-Gulte-
kin et al., 2001; Hobert et al., 1997) (see Figure 4A andDevelopmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc. 565
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expression we used both a gfp (ceh-10promA::gfp; Wenick and
Hobert, 2004) and a lacZ (ceh-10::lacZ; Svendsen and McGhee,
1995) transcriptional fusion containing all the upstream 50 regu-
latory regions required to rescue AIY developmental defects in
a ceh-10 null mutant (see Figure 7 and Supplemental Experi-
mental Procedures). Finally, we also monitored ttx-3 and
ceh-10 expression by assaying the activation of their binding
site, the AIY motif, placed in front of gfp (Wenick and Hobert,
2004). ttx-3 starts to be expressed at the end of gastrulation in
a pair of ventral neuroblasts (Figures 2A and 2B). By lineaging,
we determined that this pair corresponds to the left/right
Figure 2. Sequential Activation of ref-2,
ttx-3, ceh-10, and the AIY Motif
(A) Expression pattern of a ref-2::venus rescuing
translational fusion gene, observed with the trans-
genic array otEx3091. (Ai–Ai00) Expression in the
SMDD/AIY mother (SMDD/AIYm) at the end
of gastrulation (ventral view anterior is left, scale
bar = 10 mm, scheme adapted from Sulston et al.
[1983]). (Aii) Expression of REF-2::VENUS in the
SMDD/AIY lineage (marked by ttx-3promB::
mcherry, otIs181) before (interphase), during
(mitosis), and after (postmitosis) cleavage of the
SMDD/AIYmother (scale bar = 2 mm). (Aiii and Aiii0)
Expression in the excretory pore cell (Exc pore)
and excretory gland (Exc gld) at L2 larval stage
(lateral view, anterior is left, dorsal is up, scale
bar = 10 mm). (Aiv) Expression in the P, Y, and B
cells at L1 larval stage (lateral view, anterior is
left, dorsal is up, scale bar = 20 mm).
(B) Comparison of the expression of ttx-3 (ttx-
3promB::gfp, mgIs18 or ttx-3promB::mcherry,
otEx2644), ceh-10 (ceh-10promA::gfp, lqIs4), and
the AIY motif (AIY motif::gfp, otEx1597) at the
end of gastrulation (End gast., ventral view, ante-
rior is left), 1.5-fold, and 3-fold (lateral view, ante-
rior is left). At 1.5-fold, the ttx-3 and ceh-10
pictures show colocalization of ttx-3promB::m-
cherry and ceh-10promA::gfp expression in AIY in
the same embryo (scale bar = 10 mm).
symmetric pair of SMDD/AIY mothers
(ABpl/rpapaaa) before their last cleavage.
At this time neither ceh-10 expression nor
the AIY motif have been activated. After
cleavage of the SMDD/AIY mother, the
ttx-3 transcriptional and translational
fusions are detected in both daughter
cells AIY and SMDD (Figure 2B and data
not shown), and ceh-10 starts to be ex-
pressed in AIY, but not in SMDD
(Figure 2B). Finally, during embryonic
elongation, ttx-3 expression disappears
from SMDD while the expression of ttx-3
and ceh-10 increases in AIY, and the
AIY motif starts to be activated in AIY
(Figure 2B).
The early expression of ttx-3 in the
SMDD/AIY mother before its last
cleavage and in the newly born AIY and
SMDD just after cleavage is unaffected in ttx-3 and in zygotic
ceh-10 null mutants (Figures 3A and 3C), but is affected in ref-2
mutants (Figures 1B and 1C). In contrast, the later expression of
ttx-3 in AIY at the end of embryogenesis (3-fold) and at larval
stage genetically depends on ttx-3 and ceh-10 (Figures 3A and
3C). ttx-3 expression can therefore be separated into an initiation
phase (dependent on ref-2 but independent of ttx-3 and ceh-10)
and an automaintenance phase (dependent on ttx-3 and
ceh-10). Similarly, the early expression of ceh-10 in AIY at the
1.5-fold stage (right after most cells in the embryo have been
generated) is independent of zygotic ceh-10 (initiation phase),
while the later expression at the end of embryogenesis (3-fold)566 Developmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc.
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phase) (Figures 3B and 3C). Notably, the initiation of ceh-10
expression is strongly reduced in ttx-3 null mutants (Figures 3B
and 3C) (in contrast, the hypomorphic ttx-3 allele ks5 does not
affect ceh-10 expression [Altun-Gultekin et al., 2001]). Therefore,
ttx-3, which is expressed in AIY before ceh-10, participates in the
initiation of ceh-10 expression.
Predicted REF-2 and HLH-2 Binding Sites Are Required
for ttx-3 Expression in the SMDD/AIY Mother
The REF-2 protein is present in the SMDD/AIY mother when ttx-3
starts to be expressed and is required for the initiation of ttx-3
expression, making it conceivable that REF-2 may directly initiate
ttx-3 expression by binding to its promoter. To test this notion, we
analyzed the regulatory regions of the ttx-3 locus using transgenic
reporter assays. By deletion analysis we isolated a 113 bp cis-
regulatory element that is sufficient for the initiation of ttx-3
expression in the SMDD/AIY mother (construct C4.4, Figure 4A
and Figure S2). Notably, this initiator element does not drive the
later automaintenance phase (end of embryogenesis to adult-
hood), which relies on an intronic cis-regulatory element contain-
Figure 3. Initiation and Automaintenance
Phases of ttx-3 and ceh-10
(A) Effect of ttx-3(ot22) and ceh-10(gm58) alleles
on ttx-3 expression (ttx-3promB::gfp, mgIs18) at
epidermal enclosure (ventral view, anterior to the
left, AINm: AIN mother, scale bar = 10 mm) and
larval stage (lateral view, anterior to the left, dorsal
to the top, scale bar = 20 mm).
(B) Effect of ttx-3(ot22) and ceh-10(gm58) alleles
on ceh-10 expression (ceh-10::lacZ, pInt1) at
1.5-fold and larval stage (lateral view, anterior to
the left, dorsal to the top, Ant neu: anterior
neurons; Amp: amphid support cell; *variable
expression in the posterior intestine, scale bar =
10 mm for 1.5-fold and 50 mm for larva).
(C) Percentage of animals that have lost, in the
AIY lineage, expression of ttx-3 (ttx-3promB::gfp,
mgIs18; embryos were scored between epidermal
enclosure and 2-fold) or ceh-10 (ceh-10::lacZ,
pInt1; embryos were scored at 1.5-fold). As
ceh-10(gm58) is larval lethal, the F1 progeny of
heterozygote mothers was analyzed (*around 1/4
of the progeny displays a mutant phenotype, as
expected from mendelian segregation). A very
dim GFP signal was detected in some ttx-
3(ot22); ttx-3promB::gfp larvae and in some ceh-
10(gm58); ttx-3promB::gfp larvae, whichmay reflect
perdurance of GFP signal from earlier expression.
ing the AIY motif (construct K, Figure 4A)
(Wenick and Hobert, 2004), demon-
strating that these two phases of expres-
sion cannot only be separated genetically
(in ref-2 versus ttx-3 or ceh-10 mutant
backgrounds) but can also be uncoupled
at the cis-regulatory level.
Alignment of the initiator element
sequence from four Caenorhabditis
species reveals the presence of a block
of 12 perfectly conserved nucleotides that displays strong simi-
larity with the in-vitro-defined binding site for the Zic transcrip-
tion factor Macho-1 in Ciona intestinalis (Yagi et al., 2004) and
an in vivo binding site for Zic1 in mouse (Ebert et al., 2003)
(Figure 4B). As REF-2 is the only Zic transcription factor in the
C. elegans genome, this site is likely to constitute a direct binding
site for REF-2. Altering 3 base pairs in this binding site indeed
causes a loss of the activity of the initiator element in the
SMDD/AIY lineage (Figure 4B), thereby phenocopying the effect
of a loss of function of the REF-2 protein (Figure 1B). Taken
together, our experiments suggest that REF-2 directly activates
ttx-3 expression in the SMDD/AIY mother.
The initiator element also contains three putative bHLH
binding sites (Ledent and Vervoort, 2001), one perfectly
conserved in all four nematode species and two less well
conserved (Figure 4B). Point mutations in all three binding sites
also result in a loss of the activity of the initiator element in the
SMDD/AIY lineage (Figure 4B). The bHLH factor HLH-2, an
ortholog of E/Daughterless, has been reported to be transiently
expressed in most ventral neuroblasts at the time when ttx-3
starts to be expressed in the SMDD/AIY mother (Krause et al.,Developmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc. 567
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the bHLH binding site mutations on the initiation of ttx-3 expres-
sion (Figure 4C), suggesting that REF-2 and HLH-2 cooperate to
directly activate ttx-3 expression in the SMDD/AIY mother.
The Wnt/b-Catenin Asymmetry Pathway Cooperates
with TTX-3 to Initiate ceh-10 Expression
in Postmitotic AIY
Just after the anterior-posterior cleavage of the SMDD/AIY
mother, ceh-10 expression is activated in AIY, but not SMDD
(Figure 2B), and ceh-10 not only activates the AIY terminal differ-
entiation program (Wenick and Hobert, 2004) but also represses
SMDD fate (Figure S3). Therefore, the activation of ceh-10
expression specifically in AIY is a key step in the AIY versus
SMDD cell fate choice. REF-2-induced TTX-3 is present in
both AIY and SMDD just after the terminal division of the
SMDD/AIY mother but activates ceh-10 expression only in AIY.
What is the molecular mechanism that ensures the differential
Figure 4. The Initiation of ttx-3 Expression
Relies on Zic and bHLH Binding Sites
(A) Isolation of the cis-regulatory element respon-
sible for the initiation of ttx-3 expression. For
each deletion construct the activity in the AIY
lineage is presented to the right (initiation:
epidermal enclosure to 2-fold; maintenance:
3-fold to adult; purple box: AIY motif; scale in bp;
see Figure S2 for quantification).
(B) Analysis of the initiator element (C4.4). The
upper part presents the alignment of the initiator
element sequence between C. elegans (C. ele),
C. briggsae (C. bri), C. remanei (C. rem), and
C. brenneri (C. bre). The graph presents the
percentage of embryos showing expression in
the SMDD/AIY lineage (SMDD/AIY, red), AIN
lineage (AINm, green), or other lineages (mostly
pharynx, gray). The F1 progeny of Rol mothers
(positive for the coinjection marker rol-6(d)) was
analyzed between epidermal enclosure and
2-fold stage. Three independent lines were scored
for each construct (n = 100, error bars show stan-
dard error of proportion).
(C) Effect of hlh-2 RNAi on the initiation of ttx-3
expression. The table presents the percentage of
embryos showing expression of ttx-3promB::gfp
(mgIs18) in the SMDD/AIY lineage and AIN lineage
during epidermal enclosure after RNAi treatment.
activity of TTX-3 in AIY versus SMDD? A
Wnt signaling pathway, termed the Wnt/
b-catenin asymmetry pathway, is
involved in many antero-posterior asym-
metric divisions during early embryogen-
esis in C. elegans as well as during
several postembryonic cell divisions (Ka-
letta et al., 1997; Lin et al., 1998; Mizu-
moto and Sawa, 2007). Most neurons,
including AIY, are born during mid-
embryogenesis (between the end of
gastrulation and epidermal enclosure)
(Sulston et al., 1983), and it is not known
whether the Wnt/b-catenin asymmetry pathway is also involved
in these terminal neuroblast divisions.
In those cases previously studied, theWnt/b-catenin asymme-
try pathway establishes a reciprocal nuclear asymmetry of the
TCF transcription factor POP-1 and its coactivator SYS-1/b-cat-
enin in the two daughters of an asymmetric cell division (Mizu-
moto and Sawa, 2007) (Figure 5A). This pathway regulates
both POP-1 and SYS-1 at a posttranslational level. In the poste-
rior daughter, low levels of POP-1 allow most POP-1 to bind to
SYS-1/b-catenin and to activate gene expression, while in the
anterior daughter a surplus of POP-1 compared to SYS-1 results
in POP-1 repressing gene expression (Figure 5A). To test
whether this pathway may be involved in determining the differ-
ence between AIY and its sister SMDD, we first analyzed the
expression of POP-1::GFP and SYS-1::VENUS translational
fusions (Phillips et al., 2007; Siegfried et al., 2004) during AIY
development. We find that just after the terminal division of the
SMDD/AIY mother, POP-1::GFP is more concentrated in the568 Developmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc.
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the Asymmetric Division of the SMDD/AIY Mother
(A) A general diagram of the Wnt/b-catenin asymmetry
pathway. Only the components used in this study are pre-
sented; for a more complete description of the pathway,
see Mizumoto and Sawa (2007). Upon stimulation of
a Wnt receptor Frizzled, the kinases MOM-4/TAK-1 and
LIT-1/NLK are activated in the posterior daughter cell.
LIT-1 enters the nucleus and phosphorylates POP-1/TCF,
promoting its nuclear export. As a consequence, POP-1
concentration is low in the posterior nucleus, allowing
most of the POP-1 proteins to be associated with the
limiting coactivator SYS-1/b-catenin, activating transcrip-
tion, while in the anterior nucleus, POP-1 concentration is
high; most of the POP-1 proteins are not associated with
SYS-1 and therefore repress transcription.
(B) Localization of POP-1::GFP (qIs74) or SYS-1::VENUS
(qIs95) fusion proteins just after cleavage of the SMDD/
AIY mother (epidermal enclosure, ventral view, anterior to
the left, SMDD/AIY lineage marked by ttx-3promB::mcherry,
otIs181 or otEx2644).
(C) Expression of ttx-3 (ttx-3promB::gfp, mgIs18) in wild-type
or mom-4(ne1539); lit-1(t1512) temperature-sensitive
mutants. Embryos were shifted to the restrictive tempera-
ture just before cleavage of the SMDD/AIY mother and
analyzed at the 1.5-fold stage or at hatching (lateral view,
anterior to the left). The results are summed up at the
bottom (red, ttx-3 expression; numbers = number of
animals showing expression in the cell depicted/total
number of animals).
(D) Expression of ceh-10 (ceh-10promA::gfp, lqIs4) in wild-
type or mom-4(ne1539); lit-1(t1512) temperature-sensitive
mutants. Embryos were shifted to the restrictive tempera-
ture just before cleavage of the SMDD/AIY mother and
analyzed at the 1.5-fold stage (lateral view, anterior to the
left). The results are summed up at the bottom (blue,
ceh-10 expression; numbers = number of embryos
showing expression in the cell depicted/total number of
embryos). Scale bar for all panels = 2 mm.Developmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc. 569
Developmental Cell
Linking Asymmetric Division and DifferentiationFigure 6. The Wnt/b-Catenin Pathway Is
Involved in the Asymmetric Division ofOther
Embryonic Neuroblasts
(A) Effect of mom-4(ne1539); lit-1(t1512) tempera-
ture-sensitive mutants on the asymmetric division
of the ABpl/rpapaa neuroblast. This division
generates the SMDD/AIY mother anteriorly and
the SIAD/SIBV mother posteriorly. ttx-3 (red) is ex-
pressed in the SMDD/AIY mother and the newly
born SMDD and AIY, but not in the SIAD/SIBV
mother or the newly born SIAD and SIBV. Embryos
were shifted to the restrictive temperature just
before cleavage of the ABpl/rpapaa neuroblast
and analyzed at the end of epidermal enclosure
(just after the birth of SMDD, AIY, SIAD, and
SIBV; ventral view, anterior to the left; numbers =
number of embryos showing ttx-3promB::gfp,
mgIs18 expression in the newly born SMDD and
AIY only [left column] or in both the newly born
SMDD, AIY, and the newly born SIAD, SIBV [right
column], over total number of embryos analyzed).
(B) Effect of sys-1/b-catenin and mom-5/frizzled
overexpression on the asymmetric division of the
ABpl/rpapaa neuroblast. The graph presents the
percentage of embryos showing expression of
ttx-3promB::gfp, mgIs18 in the SMDD/AIY lineage
but not the SIAD/SIBV lineage (gray) or no expres-
sion in those lineages (black). The F1 progeny of
control mothers or Rol mothers (positive for the
coinjection marker rol-6(d) that marks the sys-1
and mom-5 overexpression arrays) was analyzed between the end of epidermal enclosure and the 1.5-fold stage. Three independent lines were scored for
each construct (n > 50, error bars show standard error of proportion).
(C) Effect of mom-4(ne1539); lit-1(t1512) temperature-sensitive mutants on the asymmetric division of the AIN mother. This division generates a cell death
(rounded shape) and the AIN neuron (elongated shape), both marked by ttx-3promB::gfp expression (red). Although this division is left-right oriented, the daughter
that will eventually die is located more anteriorly just after cleavage and displays a higher POP-1 nuclear level than its sister cell AIN. Embryos were shifted to
the restrictive temperature just before cleavage of the AIN mother and analyzed at the 1.5-fold stage (lateral view; numbers = number of embryos showing
a cell death + neuron pair [left column] or a cell death + cell death pair [right column] over total number of embryos analyzed).
(D) Effect ofmom-4(ne1539); lit-1(t1512) temperature-sensitive mutants on the asymmetric division of the ASERmother. This division generates the ASER neuron
anteriorly (marked by gcy-5::gfp, ntIs1 expression, red) and a cell death posteriorly. Embryoswere shifted to the restrictive temperature just before cleavage of the
ASER mother and analyzed at hatching (lateral view, anterior to the left; numbers = number of embryos showing only one ASER neuron [left column] or a pair of
ASER neurons [right column] over total number of embryos analyzed). Scale bar for all panels = 2 mm.SMDD nucleus (anterior sister) than in the AIY nucleus (posterior)
while SYS-1::VENUS shows an opposite distribution (Figure 5B).
These POP-1 and SYS-1 asymmetries disappear rapidly after
cell division (the asymmetry being no longer detectable at the
1.5-fold stage), suggesting that any potential POP-1 regulatory
input is transient. To test whether this POP-1 asymmetry is
indeed responsible for the difference between AIY and its sister,
we used temperature-sensitive alleles of the kinase genes
mom-4 (an ortholog of TAK1) and lit-1 (an ortholog of NLK)
(Takeshita and Sawa, 2005). MOM-4 and LIT-1 are required for
the Wnt signaling-dependent export of POP-1 from the posterior
sister nucleus (Figure 5A), and a loss of function of mom-4 and
lit-1 leads to an accumulation of POP-1 in the posterior sister
nucleus to a level similar to the one normally observed in the
anterior sister (Mizumoto and Sawa, 2007). We used the temper-
ature-sensitive double mutant mom-4(ne1539); lit-1(t1512), as it
disrupts the Wnt/b-catenin asymmetry pathway more efficiently
than the single mutants (Takeshita and Sawa, 2005). mom-4
(ne1539); lit-1(t1512) embryos were shifted to the restrictive
temperature just before the cleavage of the SMDD/AIY mother
(see Experimental Procedures for details). In shifted mutant
embryos ttx-3 is expressed in the SMDD/AIY mother and in570 Developmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevierboth SMDD and AIY just after cleavage as in wild-type embryos,
but ceh-10 expression fails to be initiated in the newly born AIY
and ttx-3 expression fails to be maintained in AIY during elonga-
tion and larval stage (Figures 5C and 5D). This suggests that
the Wnt/b-catenin asymmetry pathway is indeed responsible
for restricting ceh-10 expression to AIY, therefore establishing
the difference between SMDD and AIY during the terminal
division.
We then tested whether the Wnt/b-catenin asymmetry
pathway could be used in an iterative manner in the AIY lineage
by analyzing the effect of manipulating this pathway one cell divi-
sion earlier, at the stage of formation of the SMDD/AIY mother, in
which ttx-3 expression is initially activated (see above). During
gastrulation, the ABpl/rpapaa neuroblast divides to give rise to
the SMDD/AIYmother anteriorly and the SIAD/SIBVmother pos-
teriorly (Figure 6A). Removal of mom-4 and lit-1 activities just
before the cleavage of the ABpl/rpapaa neuroblast leads to the
ectopic activation of ttx-3 (which is normally restricted to the
anterior SMDD/AIY mother) in the SIAD/SIBV lineage. This
suggests that the Wnt/b-catenin asymmetry pathway is also
involved in the division that generates the SMDD/AIY mother
(Figure 6A).Inc.
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ment by analyzing the effect of ectopically activating the Wnt/
b-catenin asymmetry pathway in the SMDD/AIY mother,
through overexpressing the b-catenin, SYS-1, or the Frizzled
receptor, MOM-5, using the ttx-3 initiator element as a driver
(Figures 5A and 6B). Forced expression of either protein has
been shown to cause the activation of this pathway in other
cellular contexts (Kidd et al., 2005; Park et al., 2004). As ex-
pected, overexpression of either SYS-1 or MOM-5 in the
SMDD/AIY mother leads to loss of the identity of this neuro-
blast, as assessed by a loss of ttx-3 expression (Figure 6B),
a phenotype opposite to the one observed when the pathway
is blocked in the posterior cell (Figure 6A). This experiment
also indicates that the Wnt/b-catenin asymmetry pathway
acts autonomously within the SMDD/AIY lineage.
Predicted POP-1/TCF and TTX-3 Binding Sites Are
Required for the Initiation of ceh-10 Expression
in Postmitotic AIY
The initiation of ceh-10 expression in postmitotic AIY is depen-
dent on both TTX-3 and the Wnt/b-catenin asymmetry pathway.
We therefore tested whether these two signals could be directly
integrated at the level of the ceh-10 promoter. POP-1 has been
shown to bind in vitro and in vivo to sites matching the general
TCF consensus sequence A/T A/T CAAA G/A (Arata et al.,
2006; Korswagen et al., 2000; Lam et al., 2006; Maduro et al.,
2005). A 3.7 kb region upstream of ceh-10 that is sufficient to
rescue AIY developmental defects of ceh-10 mutants when
fused to ceh-10 coding sequences (see Supplemental Experi-
mental Procedures) contains 27 putative POP-1/TCF binding
sites (Figure 7). This is significantly higher than what would
have been expected by chance (p = 0.0028, comparison with
Figure 7. The Initiation of ceh-10 Expres-
sion Relies on TTX-3 and POP-1 Binding
Sites
The upper part depicts the gfp reporter constructs
tested (ceh-10 and its cis-regulatory sequences
are located in introns of the polymerase gene
polq-1, which is oriented in the opposite direction).
The graph presents the percentage of animals
showing expression in AIY at the 1.5-fold stage
(initiation) or early larval stage (maintenance).
Transgenic animals were recognized by the pres-
ence of reporter gene expression in the CAN
lineage, which consistently expresses ceh-10.
Three independent lines were scored for each
construct (n = 50, error bars show standard error
of proportion).
a Markov model order 2). Point mutations
or deletions of predicted POP-1 binding
sites reduce the initiation of ceh-10
expression in the embryo, whereas they
do not affect the maintenance of the
expression at larval stage (Figure 7), sug-
gesting that POP-1 directly participates in
the initiation of ceh-10 expression but has
no role in its maintenance. The AIY motif
is a low-affinity binding site for TTX-3 alone and is bound by
the TTX-3/CEH-10 complex with higher affinity (Wenick and
Hobert, 2004). Mutating the AIY motif present in the ceh-10
promoter strongly reduces the initiation of ceh-10 expression
in the embryo (Figure 7), suggesting that TTX-3 may directly
initiate ceh-10 expression by initially binding to the AIY motif
on its own. Mutating the AIY motif also completely eliminates
the maintenance of ceh-10 expression at larval stage, reflecting
its later role as an automaintenance motif by the TTX-3/CEH-10
complex. Taken together, these data suggest that the lineage-
specific transcription factor TTX-3 and the Wnt/b-catenin asym-
metry pathway are directly integrated at the level of the ceh-10
promoter.
The Wnt/b-Catenin Asymmetry Pathway Is Widely Used
to Regulate the Terminal Division of Embryonic
Neuroblasts
Finally, we tested whether the Wnt/b-catenin asymmetry
pathway is also involved in the terminal division of other embry-
onic neuroblasts by analyzing the effect of a precisely timed loss
of mom-4 and lit-1 activity on two other lineally unrelated
neuronal lineages, one giving rise to the AIN interneuron, another
to the ASER sensory neuron (Figures 6C and 6D). Removal of
mom-4 and lit-1 activities just before the terminal division of
the AIN or ASER mothers affects the generation of the AIN and
ASER neurons (Figures 6C and 6D). This suggests that the
Wnt/b-catenin asymmetry pathway is widely used to regulate
the terminal division of embryonic neuroblasts; therefore, the
regulatory logic that we establish here, connecting asymmetric
division to the terminal differentiation program in the case of
the AIY interneuron, is likely to be used also by other embryonic
neurons.Developmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc. 571
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Several examples have by now well illustrated that the differen-
tiation of individual neuron types is governed by terminal selector
genes that encode transcription factors which directly activate
large batteries of terminal differentiation genes (Etchberger
et al., 2007; Hobert, 2008; Livesey et al., 2000; Wenick and
Hobert, 2004; Zhang et al., 2002). However, how these terminal
selector genes are regulated by earlier specification processes,
in particular asymmetric divisions, remains poorly understood.
Here we have uncovered a direct regulatory cascade that links
the asymmetric division machinery to the activation of the
terminal selector genes ttx-3 and ceh-10 during embryogenesis
in C. elegans (Figure 8A). We will first discuss our results in the
context of the broad concept of progressive regulatory states
before analyzing two other general implications of our studies,
namely, a common theme of Zic gene function in neural precur-
sors and a potentially broadly conserved role of Wnt signaling in
neuronal specification.
Figure 8. A Model for the Initiation of the
Terminal Differentiation Program of the
AIY Interneuron
(A) Summary of the regulatory events occurring
upon terminal division of the SMDD/AIY mother.
Note that arrows between transcription factors
and cis-regulatory regions represent likely direct
interactions based on the fact that a loss of func-
tion of the trans-acting factor is phenocopied by
the mutation of its predicted binding site(s) in the
respective cis-regulatory region.
(B) The terminal division of AIY can be put into
a previously proposed theoretical framework (Lin
et al., 1998) describing how the ‘‘POP-1 asymme-
try’’ can generate specific regulatory states.
Regulatory States that Define the
Terminal Differentiation Program
of the Cholinergic Interneuron AIY
The Zic transcription factor REF-2 is tran-
siently expressed in the SMDD/AIY
mother, where it directly activates the
expression of the ttx-3 LIM homeobox
gene in cooperation with the bHLH tran-
scription factor HLH-2. Following division
of the mother cell, TTX-3 is inherited in
both SMDD and AIY and activates ceh-10
expression in AIY, but not in SMDD. We
have shown here that the difference in
ttx-3 activity between AIY and SMDD is
due to the Wnt/b-catenin asymmetry
pathway. The transcriptional mediators
of this pathway, the TCF transcription
factor POP-1 and its coactivator the
b-catenin SYS-1, are asymmetrically
localized after division of the SMDD/AIY
mother. In AIY, the POP-1 nuclear
concentration is low and SYS-1 concen-
tration is high. This may allow most of the POP-1 proteins to be
associated with the coactivator SYS-1 and to activate the tran-
scription of ceh-10 via the predicted POP-1 binding sites present
in its promoter. InSMDD,where thePOP-1 nuclear concentration
is high and SYS-1 concentration is low, most of the POP-1
proteinsmay not be associatedwith SYS-1 and therefore repress
ceh-10 transcription. Finally, once coexpressed in postmitotic
AIY, TTX-3 and CEH-10 directly activate a large battery of
terminal differentiation genes responsible for AIY differentiation
and specific function. TTX-3 and CEH-10 also maintain their
own expression so that the system is locked during larval and
adult stages (this study; Wenick and Hobert, 2004).
It has been proposed that during development a cell prog-
resses through a succession of ‘‘regulatory states’’, each char-
acterized by a combination of specific gene regulatory factors
(Davidson et al., 2003). In the case of the AIY terminal division,
two regulatory states are observed. The first one (state 1) is char-
acterized by the transient expression of REF-2 and HLH-2 in
the SMDD/AIY mother (Figure 8B). The second (state 2p)572 Developmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc.
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expression of the terminal complex TTX-3/CEH-10 and the
battery of terminal differentiation genes. The transition between
those two states is driven by a binary decision system based on
the Wnt/b-catenin asymmetry pathway.
Our findings provide explicit support for a theoretical model
initially proposed by Priess and coworkers (Lin et al., 1998). In
this model a transcription factor ‘‘B’’ expressed in both daughter
cells following the division cooperates with a high POP-1 level in
the anterior cell to specify state 2a and cooperates with a low
POP-1 level in the posterior cell to specify state 2p (Figure 8B).
In the case of AIY, this lineage-specific factor ‘‘B’’ corresponds
to the transcription factor TTX-3.
Zic Transcription Factors and Neuroblast Development
Before discussing general principles of Wnt/b-catenin signaling
in neuronal specification, we would like to briefly discuss one
specific member of the regulatory network that we have studied
here, ref-2. We have shown that ref-2 is expressed in several
neuronal precursors in the embryo; in contrast, there is no
detectable expression of ref-2 in postmitotic neurons at larval
and adult stages. Similarly, in Hydra and vertebrates, Zic tran-
scription factors are also expressed in several neural progeni-
tors, while expression in adult postmitotic neurons is only rarely
seen (Aruga, 2004; Merzdorf, 2007). This indicates that Zic tran-
scription factors may have a conserved function in neural
precursor development. While in vertebrates Zic transcription
factors have been shown to play a role in promoting the prolifer-
ation of the progenitors (Aruga, 2004; Merzdorf, 2007), it is
conceivable that they also function as transient initiators of the
terminal differentiation program of specific neurons, as observed
here in the case of AIY. For example, an intriguing parallel can be
drawn between the development of the AIY interneurons and the
cholinergic projection neurons/interneurons of the vertebrate
basal forebrain. These vertebrate cholinergic neurons have an
important function in memory formation (Oda, 1999), as is the
case for the cholinergic interneuron AIY. In vertebrates, these
postmitotic neurons and their progenitors express the TTX-3-
related LIM-homeodomain transcription factor Lhx7/8, which is
required for their differentiation (Asbreuk et al., 2002; Zhao
et al., 2003). It has been recently reported that the Zic transcrip-
tion factors Zic1 and Zic3 are also expressed in these progeni-
tors and that inactivation of both genes reduces the number of
cholinergic neurons (Inoue et al., 2007). While these Zic factors
seem to regulate primarily the proliferation of the precursors, it
would be interesting to test whether, in analogy to ttx-3 initiation
by REF-2, they also initiate the expression of Lhx7/8 and endow
the progenitors with the ability to generate cholinergic neurons.
Wnt Signaling and Specification of the Embryonic
Nervous System
A particular Wnt pathway, the Wnt/b-catenin asymmetry
pathway, is involved in many asymmetric blastomere divisions
in the early embryo as well as some asymmetric divisions during
larval development in C. elegans (Hawkins et al., 2005; Kaletta
et al., 1997; Lin et al., 1998; Mizumoto and Sawa, 2007; Siegfried
and Kimble, 2002). Analysis of temperature-sensitive mutants of
the upstream kinase gene lit-1(t1512) has shown that this
pathway is involved in six successive asymmetric divisionDevrounds in the early embryo (Kaletta et al., 1997). However, this
pathway has not been shown so far to be implicated in the
terminal division of embryonic neuroblasts. We have observed
that the three terminal neuroblast divisions that we analyzed
(giving rise to AIY, AIN, and ASER, respectively) are affected
by disrupting this Wnt pathway. Moreover, lit-1(t1512); mom-4
(ne1539) embryos shifted at restrictive temperature just before
most embryonic neuroblasts undergo their last division give
rise to larvae showing strongly uncoordinated movements,
suggesting additional defects in motor neuron lineages. These
observations predict that theWnt/b-catenin asymmetry pathway
is widely used in terminal neuroblast division in the C. elegans
embryo. Our findings therefore extend the binary specification
model proposed by Kaletta et al. (1997) and the POP-1 ‘‘coordi-
nate system’’ proposed by Lin et al. (1998).
While we have shown that the transcriptional mediators of this
pathway, POP-1/TCF and SYS-1/b-catenin, are asymmetrically
localized after the terminal division of embryonic neuroblasts,
how the asymmetry in this pathway is initially established
remains obscure. Both POP-1 and SYS-1 are regulated by this
pathway at a posttranslational level (Mizumoto and Sawa,
2007). In the early embryo POP-1 asymmetry in the AB lineage
requires an initial MOM-2/Wnt signal coming from the P1 lineage
(Park and Priess, 2003) that may be transmitted among AB blas-
tomeres by a relay mechanism (Bischoff and Schnabel, 2006),
but POP-1 asymmetry becomes later independent of MOM-2/
Wnt (Huang et al., 2007; Park and Priess, 2003). MOM-5/Frizzled
is enriched in the posterior pole of early AB derivatives, and in
analogy to the planar cell polarity in Drosophila, a Wnt-indepen-
dent asymmetric Frizzled localization could be responsible for
generating asymmetric cell divisions (Park et al., 2004). Addi-
tional studies on Wnt requirement and Frizzled localization are
required to assess their mode of function in the context of the
terminal division of embryonic neuroblasts.
Neurons are also generated via asymmetric divisions in
Drosophila and vertebrates (Huttner and Kosodo, 2005; Wodarz
and Huttner, 2003). Recent results suggest a possible role for
b-catenin in the asymmetric division of neural progenitors in
the mouse brain (Doe, 2008; Knoblich, 2008). For example, it
has been proposed that b-catenin may regulate the asymmetric
division generating intermediate progenitors from radial glial
cells during corticogenesis (Woodhead et al., 2006; Wrobel
et al., 2007). A Wnt/b-catenin system, similar to the one shown
here to operate in terminal neuroblast divisions in C. elegans,
may therefore be used in binary cell fate decisions during the
development of the nervous system in other organisms.
EXPERIMENTAL PROCEDURES
Genetics
ot327 was isolated from a conventional genetic screen in which we used EMS
to mutagenize a wild-type strain that carries a ttx-3::gfp transgene (mgIs18)
(unpublished data). We retrieved several complementation groups in which
ttx-3::gfp expression is defective and focus here on the ref-2 allele ot327.
Both ot327 and gk178 (kindly provided by the Vancouver knockout consor-
tium) were backcrossed five times before phenotypic characterization.
Expression Constructs and Transgenic Strains
The making of constructs and transgenic strains is described in detail in the
Supplemental Data.elopmental Cell 16, 563–575, April 21, 2009 ª2009 Elsevier Inc. 573
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The activity of the b-galactosidase reporter in pInt1, ceh-10::lacZ (Svendsen
and McGhee, 1995) integrated animals was analyzed following the classic
drying (for larvae) or freeze-cracking (for embryos) protocols as previously
described (Fire, 1992).
RNAi
RNAi was performed in a sensitized rrf-3 mutant background (Simmer et al.,
2003). ttx-3promB::gfp (mgIs18) ; rrf-3 (pk1426) hermaphrodites at L4 stage
were grown at 20C on bacteria harboring a plasmid to express dsRNA
(pKM1196 for hlh-2 [Karp and Greenwald, 2003] or J. Ahringer library for other
clones) as described (Fraser et al., 2000), and the F1 progeny was scored.
Temperature Shifts
lit-1(t1512); mom-4(ne1539) double mutants and control strains were grown at
11C. For temperature shifts, two-cell stage embryos were mounted on slides
at 4C and incubated at 11C until they reached the desired stage. They were
then shifted to 25C and maintained at 25C until scoring. Embryos were
shifted at 180min in Sulston timetable (Sulston et al., 1983) for the ABpl/rpapaa
neuroblast, 250min for the SMDD/AIYmother and AINmother, and 280min for
the ASER mother, corresponding, respectively, to 600, 840, and 930 min after
two-cell stage at 11C.
Cell Identifications
The cells expressing ttx-3 at epidermal enclosure where identified as the
SMDD/AIY mother (followed by its daughters SMDD and AIY after cleavage)
and the AIN mother (followed by its daughters AIN and dying sister cell after
cleavage) by lineaging both ttx-3promB::gfp (mgIs18) and ttx-3promA::gfp
(otEx57) embryos. Embryos were mounted at the two-cell stage, and their
development was recorded by 4D-DIC-videomicroscopy (Schnabel et al.,
1997) until epidermal enclosure, when GFP expression was also recorded.
The GFP-positive cells were then lineaged using Simi Biocell software (Simi
GmbH). Expression of ref-2::venus (otEx3091, otEx3092, and otEx3093),
ceh-10promB::gfp (lqIs4), pop-1::gfp (qIs74), and sys-1::venus (qIs95) was
subsequently monitored in the AIY and AIN lineages by colabeling with
ttx-3promB::mcherry (otIs181 and otEx2644). At larval and adult stages, AIY
was identified under DIC by its stereotypical location in a group of three
neurons aligned posteriorly to the excretory cell nucleus (Sulston et al., 1983).
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, three
figures, and one table and can be found with this article online at http://
www.cell.com/developmental-cell/supplemental/S1534-5807(09)00085-9/.
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